The active site and substrate-binding mode of MD-ACO1 (Malus domestica Borkh. 1-aminocyclopropane-1-carboxylate oxidase) have been determined using site-directed mutagenesis and comparative modelling methods. The MD-ACO1 protein folds into a compact jelly-roll motif comprised of eight α-helices, 12 β-strands and several long loops. The active site is well defined as a wide cleft near the C-terminus. The co-substrate ascorbate is located in cofactor Fe 2+ -binding pocket, the so-called '2-His-1-carboxylate facial triad'. In addition, our results reveal that Arg 244 and Ser 246 are involved in generating the reaction product during enzyme catalysis. The structure agrees well with the biochemical and site-directed mutagenesis results. The three-dimensional structure together with the steady-state kinetics of both the wild-type and mutant MD-ACO1 proteins reveal how the substrate specificity of MD-ACO1 is involved in the catalytic mechanism, providing insights into understanding the fruit ripening process at atomic resolution.
INTRODUCTION
Ethylene, the simplest olefin, is a gaseous plant hormone that mediates numerous physiological aspects of plant growth and development [1] . Ethylene also serves as a signalling molecule to induce specific changes in genetic expression at certain stages of the plant life cycle [1, 2] . The production of ethylene in most plant tissues is normally low; however, it can be significantly induced by a wide range of developmental and environmental cues, including seed germination, fruit ripening, leaf and flower senescence and a multitude of biotic and abiotic stresses [1] [2] [3] . In higher plants, ethylene is generated from the amino acid methionine (Met) via AdoMet (S-adenosyl-L-methionine) and ACC (1-aminocyclopropane-1-carboxylate; Met → AdoMet → ACC → C 2 H 4 ). The individual reactions of this biosynthetic pathway are catalysed by AdoMet synthetase, ACC synthase and MD-ACO1 (Malus domestica Borkh. ACC oxidase) respectively [1, [3] [4] [5] . In vegetative tissues, MD-ACO1 is constitutively expressed so that ACC synthase activity is generally regarded as the rate-limiting step for ethylene biosynthesis. In ripening fruits and senescing flower tissues, however, these two unique enzymes are induced during developmental processes and contribute equally to the regulation of ethylene biosynthesis [1, 3, 4] .
Hamilton et al. [6] have reported that MD-ACO1 activity as well as the in vivo ripening process of tomatoes was greatly inhibited by an antisense gene for a ripening-associated cDNA pTOM13 and the pTOM13 gene might be related to MD-ACO1 in tomatoes. Subsequently, pTOM13 and its orthologues were shown to confer MD-ACO1 activity when they were expressed in yeast cells [7] . The deduced amino acid sequence of pTOM13 shares considerable sequence homology with that of flavone 3-hydroAbbreviations used: ACC, 1-aminocyclopropane-1-carboxylate; AdoMet, S-adenosyl-L-methionine; ANS, anthocyanidin synthase; IPNS, isopenicillin N synthase; MD-ACO1, Malus domestica Borkh. ACC oxidase. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (e-mail wlee@spin.yonsei.ac.kr or wtkim@yonsei.ac.kr).
xylase, which requires both Fe 2+ and ascorbate for its enzyme activity. The authentic MD-ACO1 activity was then isolated from melon when the in vitro enzyme activity was assayed in the presence of Fe 2+ and ascorbate [8] . Soon after, Dong et al. [9] purified MD-ACO1 to near homogeneity from ripening apples and demonstrated that the purified enzyme requires CO 2 , together with Fe 2+ and ascorbate, for enzyme activity. On the basis of these results, along with end-product analysis, the stoichiometry of the in vitro MD-ACO1 enzymic reaction was determined as follows [9] 
Recently, the crystal structure of IPNS (isopenicillin N synthase), which catalyses the biosynthesis of isopenicillin N, has been determined, showing that the conserved aspartate and histidine residues are involved in co-ordinating the Fe 2+ ligand [10] . The structure of IPNS provided an insight into the structural basis of MD-ACO1. Despite biochemical evidence of the unique catalytic activity and substrate-binding properties of MD-ACO1 [11] , a detailed structural picture of its substrate and cofactorbinding mode has not been reported. In the present study, we have used site-directed mutagenesis and comparative modelling methods to present a three-dimensional structure of MD-ACO1, which has allowed us to identify the active site and confirm the mode of substrate binding.
EXPERIMENTAL Comparative modelling of MD-ACO1
The structures were generated using a method based on our previous work [12] . Several proteins homologous with MD-ACO1 were identified by the GenTHREADER program, which has been used as an efficient tool in the protein fold recognition method (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html) [13] . However, all homologous proteins from the database showed < 30 % sequence identity. In general, the pairwise alignment errors are relatively high for proteins with < 30 % sequence similarity. Therefore we used a multiple sequence alignment method to minimize errors; we used two highest homology templates, namely ANS (anthocyanidin synthase; PDB code 1GP4) with 27.7 % sequence identity and IPNS (PDB code 1BK0) with 20.4 % identity. Moreover, both templates are a subclass of the non-haem protein family, which requires both Fe 2+ and other co-substrate molecules. Some members of this protein family can catalyse the oxidation of the substrate and most of the enzymes in this class use α-ketoglutarate as a co-substrate with the exception of MD-ACO1 and IPNS. Only MD-ACO1, however, requires ascorbate as a co-substrate [14, 15] . Nonetheless, the common Fe 2+ -binding motif (HisXaa-Asp-Xaa-His) and the putative co-substrate hydrogenbinding residues (Arg-Xaa-Ser) are well conserved in both proteins [16] .
Based on an initial alignment of three template proteins, the three-dimensional structure of MD-ACO1 was generated and optimized using a conjugate gradient energy minimization followed by molecular dynamics simulation using the MODELLER program [17] . This procedure generated an ensemble of ten structures, which were evaluated in pairwise fashion and the lowest energy structure was selected as the final structure for detailed analysis. Refinement of the side-chain atoms was performed by a backbone-dependent rotamer library implemented in the SCWRL3.0 program [18] . The structure refinement procedure was executed to regulate bond and angle distortions using the program GROMACS. A total of 112 steps of steepest-descent energy minimization were employed until the energy converged to − 362 357 kJ/mol [19, 20] . This step was applied to all structure models presented in this study. The final structure was evaluated using the PROCHECK program [21] .
Molecular modelling of the protein-ligand complex
The oxidation reaction of ACC requires the reactants O 2 and Fe 2+ as cofactors and ascorbate as a co-substrate. To determine their spatial arrangement within the protein, a model of the proteinligand complex was generated using the AutoDOCK 3.0 program [22] . This enables automated molecular docking of small flexible ligand molecules to a rigid globular protein based on the Lamarckian genetic algorithm [23] . The model combines a rapid energy evaluation, using a precalculated atomic affinity potentials grid for each atom type in the substrate molecule, with a variety of search algorithms to find suitable binding positions for a given ligand. A total of 30 docking steps were carried out for each ligand molecule [24] . The final model of the MD-ACO1-ACCFe 2+ -O 2 -ascorbate complex was selected based on ligand-binding energies calculated from the template structure of the binding motif [16, [25] [26] [27] [28] .
Mutant structures
The structural influence of functionally important residues was investigated using a molecular replacement method. The tertiary structure for each mutant protein was constructed based on previous biochemical data [16] . Secondary structures were predicted again before tertiary-structure generation of mutants to confirm the effect of side-chain atoms on their structures (http://bioinf.cs. ucl.ac.uk/psipred/psiform.html). The final structures were constructed using MODELLER6.0 and SCWRL3.0.
Cloning and expression of MD-ACO1 proteins
pET20b+ (Novagen, Madison, WI, U.S.A.) overexpression plasmid, containing an isopropyl β-D-thiogalactoside-inducible promoter, and the MD-ACO1 cDNA from M. domestica Borkh. cv. Golden Delicious apple were used for expression of wildtype recombinant MD-ACO1. Site-directed mutagenesis was performed using the Quik Change site-directed mutagenesis system (Stratagene, La Jolla, CA, U.S.A.). Both sense and antisense oligonucleotides were used for site-directed mutagenesis (see Table 2 ). The amino acid sequences of the mutant proteins were confirmed by DNA sequencing data.
Preparation of the wild-type and mutant MD-ACO1 proteins
Both wild-type and mutant plasmids were transformed into Escherichia coli BL21 (DE3) pLysS competent cells using conventional methods. The transformed E. coli cells were grown in Luria-Bertani broth with 100 µg/ml ampicillin initially at 37
• C until the absorbance reached 0.4-0.5 at a wavelength of 600 nm; then, the cells were cooled to 27
• C and 0.4 mM isopropyl β-Dthiogalactoside was added. Protein was induced for another 4 h at 27
• C. The cells were harvested by centrifugation and resuspended in an extraction buffer, containing 50 mM MOPS (3-(N-morpholino)propanesulphonic acid; pH 7.4), 1 mM dithiothreitol, 3 mM sodium ascorbate, 10 % (v/v) glycerol and 0.5 % Triton X-100. The cells were disrupted by sonication and centrifuged at 28 000 g for 30 min. The supernatant was used for an enzyme activity assay and for further purification. The final purified protein was quantified by the Bradford method [29] using a Bio-Rad (Hercules, CA, U.S.A.) protein assay dye and identified by SDS/PAGE.
The supernatant was loaded on to a DEAE-Sepharose Fast Flow (Amersham Biosciences, Uppsala, Sweden) column (25 ml bed volume), which was equilibrated with buffer A [25 mM Mops (pH 7.4), 1 mM dithiothreitol and 10 % glycerol]. The column was washed with 2 bed vol. of buffer A, and the protein was eluted with a 50 ml linear 0-200 mM NaCl gradient in buffer A. The fractions containing MD-ACO1 activity were pooled and concentrated in a Vivaspin 6 using a polyethersulphone membrane (Vivascience, Lincoln, U.K.). The protein solution was loaded on to a Sephacryl S-200 high resolution (Amersham Biosciences) gel-filtration column (120 ml bed volume), which was equilibrated with buffer A containing 150 mM NaCl. The column speed was 0.5 ml/min, and the protein-containing fractions were pooled and concentrated.
Enzyme activity assay and kinetic analysis
The activity of MD-ACO1 was assayed in 13 × 100 mm glass test tubes with 2 ml of the standard reaction mixture containing 100 mM Mops (pH 7.4), 0.5 mM ACC, 50 µM FeSO 4 and 4.2 % (v/v) CO 2 , with different concentrations of sodium ascorbate. The reaction was initiated by the addition of enzyme and sealing the test tube with a rubber stopper (Sigma-Aldrich, St. Louis, MO, U.S.A.), and 0.5 ml of CO 2 gas was injected using a syringe. We checked whether ethylene produced by the enzyme was in the range of standard ethylene (0.01-5 p.p.m.), which was used to calibrate the gas chromatograph (Hewlett-Packard 5890 Series II). After incubation at 30
• C for 30 min with shaking, 1 ml of gas product was withdrawn by syringe from the headspace of the tube and injected on to a gas chromatograph. Separations were carried out at 50
• C using N 2 as the carrier gas. The ethylene peak was detected with a flame-ionization detector. The area of the observed peak was integrated with a Hewlett-Packard 3396 Series II integrator and compared with an eight-point standard ethylene curve. The data were converted into specific activities at a given ascorbate concentration and fitted to a Michaelis-Menten equation using GraFit kinetics software (version 3.0; Erithrous Software, London, U.K.), which provides Michaelis constants.
RESULTS AND DISCUSSION

Structural description of MD-ACO1
MD-ACO1 folds into a compact jelly-roll motif with a wellconserved Fe 2+ -binding pocket, which is similar to IPNS. Figure 1 summarizes the amino acid sequences together with the secondary structures for the proteins MD-ACO1, IPNS and ANS. Although these proteins have low sequence homologies, they share a wellconserved facial triad motif with a consensus His-X-Asp-X-His sequence. Table 1 shows the structural statistics of MD-ACO1 calculated using the PROCHECK program. A Ramachandran plot demonstrates that 99 % of the residues are found in the allowed regions, except Thr 313 and Lys 268 (Figure 2A ). These residues, however, are neither located near the active site nor involved in secondary structures (Figure 1) .
The tertiary structure of MD-ACO1 shows that the folding motif is very similar to that of IPNS, having eight α-helices (A-H), and 12 β-strands (strands 1-12; Figures 2B and 3A) . Since MD-ACO1 has a different mechanism of catalysis than that of IPNS, it is expected that the ligand-binding mode of MD-ACO1 would also differ. Our structure demonstrates that the ligand-binding pocket is well formed by a number of antiparallel β-strands (β6, β11, β9 and β5, β12, β7, β10) and it is buried by a number of hydrophobic residues proximal to the jelly-roll motif ( Figure 3B ).
Fe
2+ -binding mode
Since the cofactor-binding pocket is well conserved, important residues involved in Fe 2+ binding were readily identified from the Figure 3C ). Even though this hypothesis has been suggested previously by others [28, 30, 31] , mutagenesis data based on the structure model presented in this study provide a clear picture, explaining how His 177 , His 234 and Asp 179 are definitively involved in Fe 2+ binding via charge-charge interactions (Table 2 ). In addition, our model suggests that the substrate, ACC, interacts with the Fe 2+ atom ( Figure 4A ).
Ascorbate-binding mode
The ascorbate-binding site was examined based on the crystal structure of the template proteins IPNS and deacetoxycephalosporin C synthase (PDB code 1E5H) [32] . In deacetoxycephalosporin C synthase, Arg 258 and Ser 260 are hydrogenbonded to the co-substrate 2-oxoglutarate, whereas Arg 279 and Ser 281 bind the substrate in IPNS. For MD-ACO1, results from amino acid sequence alignment suggest that Arg 244 and Ser 246 of MD-ACO1 are possible candidates for hydrogen-bonding with the ascorbate molecule. The structure shows that the ascorbatebinding pocket is stabilized by β9, which is near the Fe 2+ -binding site. All ligand molecules are found on the hydrophobic cleft of the active site ( Figure 3C) 
Mutant
Oligonucleotide sequence
change in the substrate-binding pocket (Figure 4) . Interestingly, our structure shows that the point mutation of active-site residues does not induce a change in the tertiary structure; however, the local structural disturbance and/or disruption of hydrogen bonds caused by mutation will possibly affect the enzyme activity of MD-ACO1.
Mutagenesis data and modelling structure
Enzyme kinetics and activities of the 12 mutants of MD-ACO1 were measured and compared with those of the wild-type protein ( Figure 5 and Table 2 ). The site-directed mutagenesis results strongly support the structure model presented in this study. Activities of all the Arg 244 mutants [R244K (Arg 244 → Lys), R244G and R244A] were remarkably decreased by nearly 80 % of the wild-type, proving that Arg 244 plays an important role in enzyme activity ( Figure 5 ). This result suggests that the guanidinium group of Arg 244 is of importance, whereas the hydroxy group of the nearby Ser 246 is not a major determinant of enzyme activity, since the mutants S246G and S246A still retained 50 % of their enzyme activities with respect to the wild-type. Therefore we could conclude that the side chain of Arg 244 is critical for establishing a hydrogen-bonding network between MD-ACO1 and the ascorbate molecule. Interestingly, the activity data for five mutants at Ser 246 , S246G, S246A, S246T, S246F and S246Y, showed that they were strongly modulated by the size of sidechain atoms (Table 2 ). This result suggests that the hydrogenbonding between ascorbate and Ser 246 is not critical for enzyme function. Our structure shows that the size of the binding pocket near Ser 246 could be important for enzyme activity (Figure 4 ). In support of these results, the mutants S246F, S246T and S246Y were almost inactive, retaining only 2.4 % of their enzyme activities ( Figure 5 ).
Steady-state kinetics of the wild-type and mutant MD-ACO1 proteins
The steady-state kinetics of the wild-type MD-ACO1 and 12 mutant MD-ACO1 proteins was measured. The Michaelis constant K m for ascorbate binding of the wild-type protein was 380 + − 70 µM, whereas the K m values of the mutants were determined to be in the range 270-1250 µM. The enzyme activities of the R244G, R244A and R244K mutants were decreased by approx. 3-4 times when compared with that of the wild-type (Table 3) . Interestingly, the K m value of the S246A mutant is almost identical with that of the wild-type, implying that the mutation at Ser 246 by a similar sized amino acid such as glycine or alanine does not affect enzyme activity.
The essential role of ethylene with regard to the regulation of climacteric fruit ripening and to the induction of MD-ACO1 in preclimacteric fruits has been well characterized [1, 2] . Since MD-ACO1, along with ACC synthase, is a key regulatory enzyme for ethylene production in climacteric fruits, a detailed study of the biochemical mode and catalytic mechanism of MD-ACO1 can increase the basic understanding of the fruit ripening process. Using site-directed mutagenesis of the bacterially expressed protein, previous studies have suggested that the charged residues near the ligand-binding site are essential for in vitro activity of MD-ACO1 [26] . However, no detailed structural information combined with kinetic data to prove this hypothesis has been reported so far. We used comparative modelling methods together with site-directed mutagenesis to show the biochemical characteristics of MD-ACO1 from apple cv. Golden Delicious. Our data from the three-dimensional structure provides further insight into the catalytic mechanism of the MD-ACO1 enzyme. In addition, our model suggests that the unique structural topology of MD-ACO1 plays a critical role in accommodating its substrate ACC and its cofactors Fe 2+ , ascorbate and CO 2 molecules. Furthermore, our results prove that the bacterially expressed MD-ACO1 enzyme would be a suitable target for studying its biochemical properties as well as the regulatory mechanism of ethylene biosynthesis, as the K m and V max values are highly similar to those of enzymes purified from apples. We conclude that our findings provide new insights into ethylene-producing enzymes at the atomic level.
